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ABSTRACT 
 

This study investigates the effects of multiple reflow cycles and isothermal aging on the shear strength and microstructure of 
SAC305/Sn58Bi/Cu-OSP hybrid solder joints. The joints combine SAC305 solder spheres and Sn58Bi solder paste reflowed on Cu-OSP 
substrates. Microstructural analysis revealed two distinct regions: a Bi-rich phase at the bottom and an Ag-rich phase at the top. Reflow 
cycles and isothermal aging at 85 °C, 125 °C, and 150 °C for up to 120 hours were evaluated for their impact on mechanical performance 
and reliability. Shear tests at 100 mm/s and 2000 mm/s showed that hybrid joints outperformed conventional SAC305/Cu-OSP joints, 
even after multiple reflow cycles. Aging at 85 °C and 125 °C had minimal impact on shear strength, indicating good stability under 
moderate conditions. However, aging at 150 °C, above the melting point of Sn58Bi (138 °C), caused a significant decrease in strength. 
These findings highlight the potential of hybrid solder joints for improved mechanical performance and thermal stability, offering 
advantages over conventional solder joints for advanced electronic packaging. 
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1. INTRODUCTION 
 
Recent advancements in semiconductor technology have 
pushed Moore's Law to its limits, driving the adoption of 
3D integrated circuits (ICs) with through-silicon vias 
(TSVs) and vertical stacking. This, along with the rising 
demand for advanced packaging technologies like Package-
on-Package (PoP), has led to the development of hybrid or 
composite solder joints to improve packaging and joint 
reliability [1-8]. 
 
There is growing interest in hybrid solder joints that 
combine low-temperature and high-temperature solder 
alloys, with Sn58Bi, a lead-free solder with a low melting 
point of about 138 °C. However, studies have shown that 
the Bi phase is brittle, lacks ductility, and has a low melting 
point [9-10]. To address these challenges, researchers have 
recently proposed a mixed solder of SnAgCu/SnBi [2, 3, 4, 
11], combining the advantages of both materials. 
Additionally, Sn3.0Ag0.5Cu (SAC305) solder, commonly 
used in Ball Grid Array (BGA) packages for its excellent 
mechanical properties, solderability, and moderate melting 
point (217 °C), has largely replaced lead-based solders due 
to compliance with the Restriction of Hazardous 
Substances (RoHS) directive. 
 
While hybrid soldering, which blends high-temperature 
solders like SAC305 with low-temperature solders like 
Sn58Bi, offers the advantage of optimizing the strengths of 
both materials, it faces challenges during repeated reflow 
cycles and prolonged isothermal aging, typical in multi-

pass soldering processes [12-14]. Repeated thermal 
cycling can induce microstructural changes that degrade 
the mechanical properties of solder joints, while 
isothermal aging alters microstructural characteristics, 
often leading to reduced shear strength and joint 
reliability. 
 
This study aims to investigate the effects of multiple reflow 
cycles and isothermal aging on the microstructural 
evolution and mechanical properties of SAC305/Sn58Bi/ 
Cu-OSP hybrid solder joints. Through a detailed analysis of 
shear strength under varying thermal and aging 
conditions, this research seeks to provide valuable insights 
into the mechanical performance of hybrid joints, 
contributing to the optimization of low-temperature 
hybrid soldering solutions for more reliable and energy-
efficient electronic packaging. 
 
 
2. MATERIALS AND METHODS 
 
Hybrid solder joints were prepared by assembling SAC305 
(Sn3.0Ag0.5Cu in weight percent, wt.%) solder spheres of 
about 900 µm diameter, Sn58Bi (in wt.%) solder paste, and 
a Cu-OSP (organic solderability preservative) surface-
finished metal substrate with a 900 µm pitch size, as 
shown in Figure 1(a). The SAC305 solder spheres had a 
diameter of approximately 900 µm, and the Sn58Bi solder 
paste was evenly spread on the Cu-OSP substrate using a 
stencil with apertures and a thickness of approximately 
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Figure 1. (a) Schematic diagram of the hybrid solder joint arrangement, and (b) temperature profile used for the reflow soldering. 
 

0.76 mm and 0.24 mm, respectively. The solder/substrate 
samples underwent multiple reflow cycles following the 
temperature profile shown in Figure 1(b). In this study, the 
reflow temperature profile was set to accommodate the 
lead-free SAC305 solder alloy (melting point, Tm = 217 °C) 
for conventional and hybrid solder joints. Typically, the 
maximum reflow temperature is set at approximately 30 
°C above the solder's melting point to ensure proper 
soldering. Due to the low thermal conductivity distribution 
of the reflow oven used in this study; the maximum 
temperature was set at 285 °C. 
 
The solder joints were then isothermally aged at 
temperatures of 85 °C, 125 °C, and 150 °C in a furnace for 
up to 5 days (120 hours). For comparison, conventional 
SAC305/Cu-OSP solder joints were fabricated using a 
similar process as a control. To examine the cross-sectional 
microstructures of the hybrid solder joints, the samples 
were cold-mounted in epoxy resin, ground with a series of 
silicon carbide (SiC) papers, and carefully polished using 
fine alumina particle solutions. Microstructural analysis 
was performed using a FESEM FEI Nova Nano SEM 450 
equipped with energy-dispersive X-ray spectroscopy 
(EDX) at an accelerating voltage of 10 kV. The impact shear 
strength of the solder joints was performed with a 50 N 
shear load at shear speeds of 100 mm/s and 2000 mm/s 
using a DAGE-4000HS-FD bond micro-tester (Nordson, 
USA). The shear height was set to 90 µm above the 
substrate. At least four solder joints were tested for each 
condition. 
 

3. RESULTS AND DISCUSSION 
 

3.1. Microstructural Observation of The As-Soldered 
Solder Joints 
 
 

Figure 2 presents the microstructure of the conventional 
SAC305/Cu-OSP solder joint following a single reflow 
cycle. The SAC305 alloy is known to form a Cu6Sn5 
intermetallic compound (IMC) at the interface with the Cu 
substrate. It is well established that Ag does not react with 
Cu and instead forms the Ag3Sn phase, which is dispersed 
throughout the Sn matrix in the SAC305 solder bulk [15-
16]. The elemental distribution of Ag is particularly 
prominent in the solder bulk area, as shown in the EDX 
results in  

Figure 2(c-f). 
 
 

Figure 3 presents the microstructure of the as-reflowed 
SAC305/Sn58Bi/Cu-OSP hybrid solder joint. The Sn58Bi 
solder exhibits a characteristic laminar structure 
composed of white Bi-rich regions and gray β-Sn phases.  
This performance enhancement in hybrid joints can be 
attributed to their distinct microstructures, characterized 
by two alloy layers ( 

Figure 3). In hybrid solder joints, the Sn-Bi alloy 
microstructure dominates near the solder/substrate 
interface, while in conventional SAC305/Cu-OSP joints, 
only the Sn-Ag-Cu alloy microstructure is present in both 
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the bulk and solder/substrate areas. Several studies have 
reported that incorporating a small amount of Bi refines 
the microstructure, lowers the melting temperature, and 
improves the mechanical performance of SAC305/Cu 

solder joints [22-24]. These factors likely contribute to the 
enhanced shear strength observed in SAC305/ Sn58Bi/Cu-
OSP hybrid solder joints. 
 

 

 
 

Figure 2 (a-b) Backscattered electron (BSE) SEM images of as-soldered SAC305/Cu-OSP solder joint cross-section. (c) EDX elemental 
mapping results corresponding to image (b), showing the distribution of (d) Cu elements, (e) Ag elements, and (f) Sn elements. 

 

 
 

Figure 3. (a-b) BSE-SEM images and (c) EDX elemental mapping of the as-reflowed SAC305/Sn58Bi/Cu-OSP hybrid solder joint. The 
element mapping of (d) Cu elements, (e) Ag elements, (f) Sn elements, and (g) Bi elements. 

 
Within the SAC305/Sn58Bi/Cu-OSP hybrid solder joint, 
two distinct regions are evident: a Bi-rich phase 
concentrated at the bottom and an Ag-rich phase 
distributed throughout the solder bulk, predominantly 
concentrated at the top, as shown in the elemental 
mapping in  

Figure 3(c-g). The Cu6Sn5 phase serves as the interfacial 
IMC in Sn-Bi alloy/Cu solder joint [9, 17], as Bi is known 
not to react with Cu to form an IMC layer. Research 
indicates that while Bi does not form an IMC with Cu, its 
segregation can affect the overall microstructure and 
performance of solder joints. The study by Ren and Collins 
[18] demonstrates that incorporating Bi alongside Ag 

enhances the mechanical performance of solder joints 
while improving their overall reliability during thermal 
cycling. 
 
3.2. Solder Joint Impact Shear Strength Performance 
 
 

Figure 4 illustrate the schematic diagram of the ball shear 
test, emphasizing the fracture areas observed at shear 
speeds of 100 mm/s and 2000 mm/s, as reported in 
multiple studies [19-21].  
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Figure 4. Schematic diagram illustrating the tendency of fracture areas corresponding to shear speeds of 100 mm/s and 2000 mm/s. 
 

At lower speeds, such as 100 mm/s, cracks predominantly 
propagate through the solder ball, reflecting the 
mechanical properties of the bulk solder. Conversely, at a 
shear speed of 2000 mm/s, cracks often extend partially or 
entirely through the solder/substrate interface, 
particularly near the intermetallic compounds, 
emphasizing the strength of this region. 
 
Figure 5 shows the average shear force as a function of 
reflow cycles for SAC305/Cu-OSP and SAC305/Sn58Bi/Cu-
OSP solder joints at low and high shear speeds. Notably, 
the SAC305/Sn58Bi/Cu-OSP hybrid solder joints 

consistently demonstrate superior shear strength 
compared to the conventional SAC305/Cu-OSP joints. For 
as-soldered samples (1st reflow cycle), the average shear 
strength at 100 mm/s is 45.87±3.61 N for conventional 
joints and 52.14±2.22 N for hybrid joints. At 2000 mm/s, 
the shear strength of the conventional joints is 52.24±3.63 
N, while the hybrid joints demonstrate a higher strength of 
64.32±4.18 N. Overall, the shear strength shows minimal 
variation with increasing reflow cycles for both 
conventional and hybrid solder joints, with the hybrid 
joints consistently maintaining higher shear strength than 
the conventional ones. 

 

 
Figure 5. Average shear force as a function of the number of reflow cycles for SAC305/Cu-OSP and SAC305/Sn58Bi/Cu-OSP solder 

joints, measured at shear speeds of (a) 100 mm/s and (b) 2000 mm/s. 
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Figure 6. Average shear force of SAC305/Sn58Bi/Cu-OSP hybrid solder joints at 100 mm/s after isothermal aging. 

 
The as-soldered hybrid solder joints were further 
subjected to isothermal aging at 85 °C, 125 °C, and 150 °C 
for up to 120 hours to evaluate their reliability. Figure 6 
shows the effect of isothermal aging on the shear strength 
of SAC305/Sn58Bi/Cu-OSP hybrid solder joints at the 
shear speed of 100 mm/s, particularly in the bulk area.  
 
Overall, the fracture shear force exhibited minimal changes 
with aging durations of up to 120 hours when aged at 85 °C 
and 125 °C. However, the shear force was notably lowest 
when aged at 150 °C, a temperature exceeding the melting 
point of Sn58Bi at about 138 °C. The hybrid solder joints 
likely underwent partial remelting and liquid-state aging at 
this temperature. 
 
These findings highlight the stability of hybrid solder joints 
under moderate aging conditions, while also identifying 
potential vulnerabilities at elevated temperatures. Their 
superior shear strength and thermal performance make 
them promising candidates for applications that require 
high mechanical reliability. 
 
 
4. CONCLUSION 
 
This study assessed the microstructural characteristics and 
shear strength performance of SAC305/Sn58Bi/Cu-OSP 
hybrid solder joints under multiple reflow cycles and 
isothermal aging, comparing them to conventional 
SAC305/Cu-OSP solder joints. The key findings are 
summarized as follows: 
(i) The SAC305/Sn58Bi/Cu-OSP hybrid solder joints 

exhibit two distinct microstructural regions: a Bi-rich 
phase concentrated at the bottom and an Ag-rich 
phase predominantly distributed throughout the 
solder bulk at the top. 

(ii) Hybrid solder joints exhibited higher shear strength 
than conventional SAC305/Cu-OSP joints, with 52.14 ± 
2.22 N vs. 45.87 ± 3.61 N at 100 mm/s, and 64.32 ± 
4.18 N vs. 52.24 ± 3.63 N at 2000 mm/s. The shear 
strength showed minimal variation with increasing 
reflow cycles for both joint types, with hybrid joints 

consistently exhibiting higher strength than 
conventional ones. 

(iii) The fracture shear force showed minimal variation 
after aging durations of up to 120 hours at 85 °C and 
125 °C, indicating good thermal stability. However, at 
150 °C, the shear force decreased significantly, likely 
due to partial remelting of the Sn58Bi alloy. 
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